The article discusses the effect of the thermal conditions applied during the MAG welding of steel S960QL and the mutual annealing of runs on the mechanical properties as well as on the macro and microstructure of welded joints made using various values of cooling time t 8/5 . The research described in the article also involved the comparison of the above-named results with those obtained during a thermal simulation. In addition, the article presents the test results concerning the examination of the coarse and fine-grained areas of the HAZ of welded joints. The test results made it possible to optimise the value of cooling time t 8/5 when welding steel S960QL.
Introduction
Fine-grained high strength toughened steels are primarily used in structures characterised by high strength and light weight (Fig. 1) .
The technical requirements of the abovenamed steels having the yield point within the range of 460 to 960 MPa are specified in standard PN-EN ISO 10025-6. Recent years have seen the use of steels having higher yield points, i.e. 1100 MPa and even 1300 MPa. In spite of their high strength, the above-named steels are regarded as readily welded, yet, in terms of technology, the obtainment of optimum properties of welded joints remains a crucial issue. To this end, it is often necessary to use the characteristic of cooling time t 8/5 making it possible (based on the CCT diagram for welding conditions) to appropriately interpret the structure and some mechanical properties of the HAZ.
The article presents the mechanical and structural properties of joints made in steel S960QL obtained using various values of time t 8/5 and compared with analogous results obtained in specimens after thermal simulation. In accordance with the above-named standard, the steel should be characterised by the following mechanical properties: 
CCT Diagrams for Welding Conditions in Relation to Austenite
Welded joints characteristics concerning strength, hardness, plasticity and toughness related to the weld and HAZ (heat affected zone) should diverge from the analogous properties of the base material as little as possible. In cases of toughened steels, the above-mentioned level of coincidence is significantly dependent on welding thermal conditions, the exponent of which is the cooling time of the HAZ area within the range of 800°C to 500°C (time t 8/5 ). Therefore, the CCT diagram for welding conditions in relation to austenite is of great importance, both in theory and practice [4] . If the CCT diagram for welding conditions is not available, it is possible, to some extent, to take advantage of the continuous TTT diagram, often used in heat treatment. An exemplary CCT diagram for welding conditions related to steel Weldox 1100 with marked structural areas in the function of cooling time t 8/5 is presented in Figure 2 . CCT diagrams for welding conditions are used to forecast the structure and to assess the HAZ hardening susceptibility as well as to aid in the design of welding technologies (arc linear energy and preheating temperature) enabling the obtainment of joints characterised by good plasticity and ductility, protecting the above-named area against brittle cracking.
Thermal Simulation of Steel S960QL
The primary objective of simulation tests is usually the determination of the effect of time t 8/5 on the structure, hardness and toughness of steels. In cases of high strength steels, an important factor is tensile strength, and, in particular, the dependence of this characteristic on cooling time t 8/5 . The course of this dependence enabling the identification of a more significant decrease in strength for given time t 8/5 could, along with the above-named properties, result in the welding-related optimisation of time t 8/5 [4] [5] [6] . For this reason, the simulated specimens were used for making non-standard specimens used in static tensile tests (Fig. 4b) , the strength of which (after using various cooling times t 8/5 ) could only be interpreted through comparison.
It was interesting to answer the question, whether within the range of time t 8/5 values determining the area of martensite (lines M s -M F in the CCT diagram for welding conditions), the properties of steel having an unequivocally martensitic structure varied depending on the above-named time and what the nature of these differences was. There are CCT diagrams for welding conditions characterised by the significant time extent of the presence of these lines, steel Weldox 1100 [5] yet welding practice indicates that in cases of such long t 8/5 , the strength of joints is definitely overly low. The simulation tests were performed using a modern Gleeble 3500 simulator being in Instytut Spawalnictwa's possession (Fig. 3) .
The tests were performed using standard specimens (10×10×50 mm) heated up to 1250°C and cooled using t 8/5 amounting to 4, 8, 15, 30 and 40 seconds. The specimens with simulated HAZ areas (Fig. 4) were subjected to hardness, toughness and strength tests. Strength was determined using the specimens with the radial notch and the diameter of the specimens subjected to tension amounting to 5 mm. The tests also involved the simulation of a specimen with a double thermal cycle for cooling time t 8/5 = 4 s (in each case). The test results related to the mechanical properties of the specimens are presented in Table 1 .
Interpretation of Thermal Simulation Results

Hardness
For t 8 the hardness amounted to 350-370 HV (seemingly because of martensite tempering).
Impact energy
It was difficult to unequivocally assess the effect of time t 8/5 on this characteristic; it was only possible to try to identify a tendency. In cases of short cooling time values (t 8/5 = 4-15 s) and the double cycle, the toughness was slightly higher than in cases of longer cooling time values, i.e. t 8/5 = 30-40 s.
Tensile strength
An increase in t 8/5 , particularly above 8 seconds, was accompanied by a clearly visible decrease in tensile strength; also as regards the double simulation.
Structure
An increase in t 8/5 was accompanied by the gradual replacement of martensite with bainite; when t 8/5 = 40 s, the amount of bainite exceeded that of martensite. It could be stated that to maintain high strength without compromising constant hardness and toughness, time t 8/5 should be limited to 4-8 seconds (maximum to 15 seconds).
Tests of Welded Joints Made of Steel S960QL
The tests aimed to determine the effect of MAG welding thermal conditions and of mutual annealing of runs on the mechanical properties as well as on the macro and microstructure of the welded joints made using various values of cooling time t 8/5 and to compare these results with those obtained in the thermal simulation tests. bevelling -Y, edge -2.5 mm, bevel angle -55° -Welding thermal conditions:
joints were made using constant current parameters and welding rate. The diversification of welding thermal conditions (cooling time t 8/5 ) was obtained using various values of preheating temperature and of interpass temperature. Cooling time t 8/5 was previously determined according to SEW 088 [9] . The parameters adopted when making the welded joint were the following: -current parameters and welding rate: I sp = 220 A; U ł = 26 V; V sp = 40 cm/min, -preheating temperature (equal to interpass temperature) decisive for cooling time t 8/5 : T = 20°C → t 8/5 = 4 s; T = 120°C→ t 8/5 = 6 s; T = 220°C→ t 8/5 = 11 s, -number of runs in the welded joints: 1, 2 and 4, where each run in a given joint was made using the same previously determined time t 8/5 . The actual values of characteristics related to the making of the joints are presented in Table 2 .
Macroscopic Metallographic Tests
The heat affected zone of welded joints made in toughened steels, particularly of those characterised by the highest strength, (Fig. 6 ) is clearly visible, complex and composed of the following areas (Fig. 7) : 1 -area of superheating -coarsegrained; 2 -area of normalising -fine-grained and 3 -area of partial recrystallisation. The tests involved two, i.e.: coarse (1) and fine-grained (2) HAZ areas. The macroscopic metallographic photographs presented below concern the upper areas of the HAZ. 
Hardness of Welds and HAZ
Mechanical Properties of Welded Joints
The tests involved the use of joint specimens (complete filling of the weld groove) with a previously milled edge having a thickness of 10 mm.
The strength (R m ) and impact energy concerning the test joints in relation to t 8/5 amounting to 4 and 6 seconds were almost identical. Time t 8/5 = 11 s was accompanied by a slight decrease in strength and a slight increase in impact energy. In each case, the HAZ-related impact energy was higher than that of the weld. This fact could be ascribed to the presence of the cast dendritic structure of the weld, less favourable even in comparison with the coarse and fin-grained structure of the HAZ. 
Metallographic Tests
Presented below are the microscopic metallographic photographs of the weld and HAZ areas in one and four-run joints made using t 8/5 amounting to 4, 6 and 11 seconds. The photographs present both the coarse and fine-grained areas. The microscopic metallographic tests were performed in accordance with the requirements of standard PN-EN ISO 17639 using Nital.
Metallographic Tests -commentary:
-The Heat Affected Zone was very clear; each HAZ in all of the joints contained coarse and fine-grained areas. -The further from the weld, the finer the grain (originally coarse, adjacent to the fusion line). -Weld. Ain increase in time t 8/5 was accompanied by the increasingly refined structure. This could be attributed to the growing content of bainite at the cost of martensite. In addition, the annealing of the runs led to the formation of finer grains.
-The coarse-grained area was characterised by a typical martensitic structure and by tempered martensite in the lower areas of the weld. The structure contained small amounts of ferrite. Slightly more ferrite was present in the annealed area. It was difficult to identify the variously sized martensite formed from austenite in relation to various values of time t 8/5 . -The grains of the fine-grained area neighboured the coarse-grained area. The grains grew smaller along with a growing distance from the weld. The structure contained fine martensite and some bainite as well as small amounts of ferrite. The similarity of the nature (not granularity) of the structures in the coarse and fine-grained areas was manifested by their hardness. Table 5 presents the properties of the butt welds obtained within welding procedure -CCT diagrams for welding conditions related to toughened steels, particularly those having strength above 690 MPa, constitute an important source of information concerning the effect of time t 8/5 on the character of austenite structural transformations and HAZ properties. For this reason, even if the abovenamed diagrams do not directly concern specific steels, they should be used along with other welding technological guidelines when determining welding process parameters including welding current, arc voltage, welding rate, preheating temperature, interpass temperature etc. -Instytut Spawalnictwa is in possession of appropriate resources for performing thermal simulations of steels in welding conditions enabling the fast and precise performance of austenite transformation analyses and adjusting appropriate time t 8/5 for given steels. 
Welding Procedure Qualification Results
Tests of Welded Joints Made of Steel S960QL
-The hardness of the individual zones of the welded joints (runs) decreased along with an increase in time t 8/5 . -The strength and the impact energy of the test joint were nearly identical for t 8/5 amounting to 4 s and 6 s. Time t 8/5 = 11 s was accompanied by a slight decrease in strength and a slight increase in impact energy. In each case, the impact energy of the HAZ was higher than that of the weld. Such a fact could be ascribed to the presence of the cast dendritic, i.e. less favourable, structure in comparison with the coarse and fine-grained structure of the HAZ. -The metallographic tests revealed that differences in time t 8/5 within the range of 4 to 11 s did not trigger visible structural transformations at any levels of the joint, which correlated with the slight diversification of mechanical properties. However, it was possible to notice differences between annealed and not annealed layers. -It could be anticipated that in cases of t 8/5 = 4-9 s, the properties of joints made of steel S960QL should meet the requirements of PN-EN ISO 10025-6 and PN-EN ISO 15614-1 in terms of strength, plasticity, toughness and hardness. The above-named satisfaction was confirmed by the results obtained within welding procedure qualification. The proper quality of the joint was also demonstrated by the appropriate properties of the weld and those of the HAZ.
Correlation of Thermal Simulation results with Welded Joint Properties Results
The comparison of the properties of steel S960QL after thermal simulation with the welded joints made of the same steel using time t 8/5 restricted within the range of 4-15 s (Table 6 ) revealed the following: -correlation of the hardness of the simulated specimens and that of the welded joints (in their upper ranges), -correlation of structure within time t 8/5 range of 4 seconds to 11 seconds, -greater impact energy of the welded joints than that of the simulated specimens.
